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ABSTRACT
Further Investigation of Metal tris-quinolates Using Spectroscopy
by
Asanga D. Ranasinghe
Dr. Linda Sapochak, Examination Committee Chair 
Assistant Professor of Chemistry 
University of Nevada, Las Vegas
Structure o f aluminum tris-8 -hydroxyquinoline (Alqs) and other metal tris-quinolates 
(IVIqa) in vapor deposited films in organic light emitting devices (OLEDs) is not well 
established due to the possibility o f existing two geometric isomeric forms, meridianal 
and facial. We present a comparative analysis of ’H and '^C NMR o f nMeqsM’s (n=0, 2, 
4, 5) made from thermal sublimation, in a polar as well as a non-polar solvent to 
investigate possible evidences for the isomer distribution, stability o f the metal chelate in 
the presence o f a polar solvent and crystal structure determination for pure Inqa using 
single-crystal x-ray diffraction studies. This work will be the first report to use '^C NMR 
spectroscopy to investigate nMeqsM’s (n=0, 2 ,4 , 5). These metal chelates were found to 
be stable in the presence o f a polar solvent and the results were shown to support the mer- 
isomer. Also in this work the first report o f the crystal structure for Inqs grown in gas 
phase is reported and it was found to have a mer-configuration.
in
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CHAPTER 1 
ORGANIC ELECTROLUMINESCENCE
1.1 Introduction
The exploitation of small molecule organic electroluminescent (EL) materials in 
organic light emitting devices (OLEDs) has developed rapidly since the report by Tang 
and Van Slyke of efficient low voltage EL from aluminum tris(8 -hydroxyquinoline) 
(Alqs).' After more than a decade o f intense research and development, several small 
display products (car radios, cellular phones) based on organic EL are in various stages of 
commercialization. The technology based on EL in OLED technology has the potential to 
become a formidable competitor to traditional cathode ray tube (CRT) and liquid crystal 
display (LCD) technologies in the market place.^ Although the advances in EL 
technology over the past decade have been significant, our basic understanding of 
structure/function relationships of the organic materials composing these devices is still 
limited.
An OLED is composed o f thin films o f organic materials sandwiched between a 
cathode and an anode. A typical structure of the bilayer OLED architecture reported by 
Tang and Van Slyke shown in Fig. 1.1, consists o f  very thin films (-400-600 A) of an 
organic hole transport layer (HTL) and organic electron transport layer (ETL) 
sandwiched in between a cathode (i.e., low work function metal, Mg/Ag or Al) and an
1
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anode, which is a transparent conductive oxide (indium tin oxide-ITO) coated on a glass 
substrate.
I
electrons
0  © © © G O ©3  ©
© © © © © © ©
holes
-► Cathode ( Mg:Ag) 
-►  ETL/EML
-►  HTL
Anode (Indium Tin Oxide)
Light
Figure 1.1 Structure of a bilayer OLED reported by Tang and Van Slyke.
EML-emissive layer
Although organic materials are typically regarded as insulators, electrons and holes 
can be forced to move across these materials upon an application o f  an external voltage. 
Organic materials are chosen to preferentially transport one type of charge carrier, either 
holes or electrons. The HTL usually consists of tertiary aromatic amines (TAAs), which 
have been well developed for xerographic applications owing to their ability to “accept” 
holes or be oxidized for good HTL properties. This occurs by removal of an electron 
from the highest occupied molecular orbital (HOMO) o f TAAs leading to generation of 
an organic radical cation or “hole” at the ITO anode, which migrates under the influence 
o f the applied voltage towards the HTL/ETL interface. Simultaneously, electrons are 
injected into the ETL forming an organic radical anion or “electron” by reduction at the 
cathode. These electrons also migrate toward the HTL/ETL interface under the influence
Reproduced witti permission of ttie copy rig tit owner. Furttier reproduction protiibited wittiout permission.
of the electric field, where they interact with the holes to form a molecular excited state 
or exciton, which relaxes to give light emission. Light emission by electrical excitation is 
known as electroluminescence (EL). A general mechanism of the EL process is shown in 
Fig. 1.2.
Reduct ion
In jection o f  electron Ç 
(R educt ion )
E T L /E m it te r
E lectron  ,
exciton
H TL
0 ^  OIn jection o f  hole 
(O x ida t ion ) A node O xida t ion Hole
Li ght
d
Exciton
Light + H eat  +... ) relaxation
O" #  o
Figure 1.2. General mechanism for electroluminescence
The first efficient organic material used as the emissive layer (EML) in OLEDs was 
aluminum tris-8 -hydroxyquinoline (Alqa), which also functioned as the ETL. In fact, 
Alqs and other metal chelates of 8 -hydroxyquinoline (Mqn: n = 1 ,2 , and 3; M = Li^, Zn^^, 
Ga^^, and preferentially transport electrons versus holes or more easily accept
an electron to form a stable radical anion upon reduction. However, the electron 
mobilities are ~2-3 orders o f magnitude slower than the hole mobilities of TAAs, creating 
an imbalance o f charge carriers at the HTL/ETL interface.®’® The chemical nature of the 
polar 8 -hydroxyquinoline ligand is responsible for the electron transporting properties o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Mqn materials, but how the ligand coordinates (i.e., type of geometry) around the metal 
ion dictates the bulk packing in the solid-state, which will affect the overall EL 
properties. An organic material serving as the ETL in the bilayer device shown in Fig. 1.1 
must also have high photoluminescent (PL) efficiency and good morphological stability 
to provide high EL efficiency with low voltage requirements and long term OLED 
stability. Optimization o f these properties requires an understanding of the molecular 
structure and bulk packing in solid-state thin films.
1.2 Aluminum tris-8 -hydroxyquinoline (Alqa) chelate 
The most intensely studied organic material used, as the ETL/EML in OLEDs is Alqs. 
This metal chelate exhibits a good balance o f material properties, which has been 
attributed to the chemical nature of the 8 -hydroxyquinoline ligand and distorted 
octahedral geometry upon chelation, resulting in a spherical shape o f the molecule. This 
spherical shape is believed to provide morphological stability o f vapor-deposited films, as 
well as prevent excimer formation and quenching of PL and EL resulting in relatively 
high PL and EL efficiencies.’ The electron transporting nature of Alqa is believed to be 
due to the preferential overlap of the electron-deficient pyridyl rings o f the 8 - 
hydroxyquinoline ligands as shown by x-ray diffraction studies reported by Brinkman, et 
al.’° Since the location o f the lowest unoccupied molecular orbital (LUMO) has been 
shown to be concentrated on the pyridyl ring o f the ligand, this is the likely site o f 
electron injection.®
. However, the structure o f Alqa and other Mqs chelates in vapor deposited films is not 
well established because they can exist in two geometric isomeric forms, meridianal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
[mer) and facial (fac) (Fig. 1.3), which have different symmetries (Ci and C 3 point 
groups, respectively). This mixture is further complicated because both mer and fac  
isomers are chiral, thus optical isomers are also possible. Initially, it was proposed that 
the morphological stability o f Alqs in vapor-deposited films could be attributed to the 
presence of a mixture these isomers.’ Furthermore, based on theoretical calculations fac- 
Alq3 was shown to possess a higher dipole moment (~ 7 Debye) and was higher in free 
energy (AG°) by ~ 4 kcal/mol compared to mer-h\q^ (~ 4 Debye)." Comparison of the 
theoretically calculated energies o f  the radical anions formed upon addition o f an extra 
electron showed that /ac-Alq3 radical anion was actually lower in AG° by 0.4 kcal/mol 
compared to the mer-form." This is likely because the LUMO of /uc-Alq3 is more 
delocalized over the entire molecule, hence the injected electron is stabilized better than 
in me/--Alq3. This suggests that i f  both isomeric forms are present in vapor deposited 
films, the lower energy/ac-Alq3 radical anion could trap the electron more efficiently and 
this would affect the overall charge transporting properties in an OLED. Therefore, 
determining the relative amounts of these isomeric forms in vapor deposited films is 
crucial for establishing structure/function relationships of the overall EL process. 
However, there has been no strong experimental evidence to support the existence of the 
/ac-isom er of Alq3.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
/ner-Alq3 /ac-AIqs
Figure 1.3. Geometric isomers of Alqs
1.3 Structural Studies o f Alqs and Mqa Chelates
1.3.1 NMR Spectroscopic Studies of Mqs Chelates 
The structures of Mqs chelates have been studied using variable temperature ’H NMR 
spectroscopy. Baker studied Alqa in DMSO-de and reported that within the resolution of 
the NMR experiment, three resonances could be assigned to each proton supporting only 
the presence of the lower symmetry /ner-isomer.'^ However, at elevated temperature 
(115°C) he reported a collapse and broadening of the peaks. He discounted the 
possibility o f mer-fac thermal conversion based on the chemical shift o f H-2 (see Fig. 
1.4). This proton is located on the carbon next to the pyridyl nitrogen o f the ligand and, 
because o f the octahedral geometry, will be affected by the aromatic ring current o f the 
adjacent ligand. So for mer-Alq^ all ligands are in different chemical environments due 
to the Cl symmetry and three distinct H-2 resonances were found at 9.03 ppm, 8.90 ppm, 
7.42 ppm, the latter falling much farther upheld due to the shielding effect o f the ring 
current. Baker reasoned that in theyhc-isomer all protons at the C-2 position should feel 
this ring current equally and, therefore H-2 resonance of/ac-Alqa should be closest to the 
most shielded H-2 in wier-Alqs. However, the resonance of H-2 was found at 8.52 ppm at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
elevated temperature and thus cannot be the facAsom tr, but Baker reasoned that it was 
more likely due to rapid exchange o f the ligand in the mer-isomer. Interestingly, some 
researchers have misinterpreted this paper and have referenced it as support for the 
existence o ffa c -k \q iP  This is a problem since many times their conclusions in regards 
to OLED performance are based on the supposed presence of this isomer.
Ring current
Figure 1.4. Structure o f Alqs, which shows the effect o f ring current from neighboring
pyridyl ring on H-2 on ligand 3.
More recently, Schmidbaur, et al.,''* reported variable temperature 'H NMR 
spectroscopic studies in CDCI3 for aluminum and gallium tris-8 -hydroxy-n- 
methylquinoline chelates (nMeqaM: n = 0, 2, 3, 4, 5, 6 , 7; M = Al^^ and Ga^^). He also 
observed a broadening and collapse o f the spectrum for Alqs further supporting the 
structure as meridianal. In fact, all nMeqsM chelates were shown to be meridianal, with 
the exception of 2 Meq3Ga. Méthylation at the C-2 position of the ligand creates steric 
hindrance preventing the formation of a stable 2 Meq3Al chelate but allows formation of 
2 Meq3Ga, because o f the larger ionic radius of Ga^^ (0.54 Â and 0.62 A, respectively).'^ 
Schmidbaur proposed that a ligand-equilibrating process may occur via M-N bond
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
breaking and reforming resulting in an equilibrium of mer-fac isomers. Indeed the 
average Ga-N bond length of nier-2 Meq3Ga is longer than /wer-Alq3 by ~ 0.165 Â based 
on single crystal x-ray diffraction studies.'^’*®
Furthermore, Nanayakkara^ investigated the NMR spectrum of 2 Meq3Ga and 
showed the existence o f at least five resonances for C- 8  (carbon directly bound to the 
oxygen in the phenoxide ring) she proposed that not only were mer and _/uc-isomers 
present, but the additional resonances may be due to an intermediate species in the ligand 
equilibrating process. Although many 'H  NMR studies have been performed, no other 
'^C NMR spectral data for Mq3 chelates previously have been reported.
Fewer structural characterization studies have been reported on Inq3 and its 
methylated derivatives. However in the literature Green'^ reported the 'H  NMR 
spectroscopic data for the ethanol adduct o f Inq3 , which showed a single resonance for 
each proton, suggesting equal environments of all ligands in the Inq3 chelate. This result 
was similar to reports by Padmaperuma.'’ Green also reported low temperature studies (- 
90°C) of InqsEthanol, which showed broadening o f resonances. This is in contrast to 
Schmidbaur’s result for Alqs, which showed narrowing of proton resonances at low 
temperature (-15°C).'‘* Therefore, it was concluded that well resolved resonances for each 
proton was not due to the/ac-isom er, but rather the result of rapid interconversion of the 
ligand sites in the wer-isomer. Similar room temperature results were reported by Addy 
et al.'* where he proposed that the chemical shift o f H-2 was not shielded enough to 
represent the yhc-isomer, similar to assignments presented by Baker'^ for Alq3 . The 
higher fluxionality o f Inq3 was supported by work performed by Saito,'^ where he 
observed the rate o f exchange between 8 -hydroxyquinoline and its chelates of aluminum,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
gallium and indium in CHCI3 and reported a decrease in the exchange rate in the 
sequence In > Al > Ga. Based on this information the most likely explanation for rapid 
interconversion of the ligand sites for Inq3 are due to the enhanced fluxional behavior of 
the ligands around the In^^ ion, since In^ "^  has the largest ionic radii (0.80Â) of the Mqs 
series.
1.3.2 X-ray Diffraction Studies 
Unlike crystal structures, which have well defined molecular orientations, in 
amorphous films, a large distribution of molecular orientations/packing is possible. Even 
though X-ray diffraction is not useful for studying amorphous films x-ray 
crystallographic data o f crystalline structures can provide important information about 
preferences in molecular packing.
For example, Brinkmann identified and characterized three polymorphic phases a- 
Alq3, P-Alq3 and y-Alq3 from crystals grown from the vapor phase,'° where thermal 
analysis of Alq3 using differential scanning calorimetry (DSC) showed multiple enthalpic 
transitions,'®’^® consistent with this polymorphic behavior. These a  and p phases were 
found to exist as racemic mixtures of the /ner-isomer. The third “high-temperature” phase 
7 -Alq3 (prepared by heating a-Alqs under a nitrogen atmosphere above the irreversible a- 
j  phase transition temperature), was shown to exist as an “orientationally disordered” 
wer-isomer. These three phases exhibited different solid state packing but all showed 
preferential n- n interactions o f pyridyl rings.'® Since the pyridyl ring is the location of 
LUMO, it was proposed the higher charge-transport/mobility of Alqs could be attributed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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to this factor.^® Later Braun et al. identified an additional crystalline phase of ô-Alqa.^' 
Analysis by Raman spectroscopy showed fewer absorptions indicative o f higher 
symmetry compared to the meridianal a-Alqa phase. The authors proposed that the 5- 
phase might be the facial-ïorm.
Schmidbaur also reported the crystal structures o f  Alqs.MeOH and Gaqa.MeOH by 
single crystal X-ray diffraction.'^ Both chelates were shown to be meridianal with 
differences only in the individual dimensions of the unit-cell due to size o f metal ion. The 
methanol molecules were found to form hydrogen bonds with one of the oxygen atoms 
(preferably with 03) of the ligand. Similar results (same space group-P2i/n and 
meridianal) for Inqs.EtOH were reported by G r e e n a n d  Korber^^ on recrystallized Inqs 
from ethanol found to exist in mer-form. However, Majer and Reade proposed the 
existence o f both geometric isomers for Alqs and Inqs based on the observation o f fine 
structure from integrated ion-current spectra obtained by evaporation of the sample into 
the ion source of a mass spectrometer.^^ This suggests that upon thermal sublimation 
mer-fac isomerization may be possible.
1.4 Purpose of Thesis Work 
An understanding of the EL process and the establishment o f structure / function 
relationships o f EL materials requires knowledge o f their molecular structure and bulk 
packing. The importance of Mqa chelates as EL materials in OLEDs is well known, but 
the question o f the isomeric purity o f these materials in vapor deposited films is in 
question. The purpose o f this thesis work is to investigate the effect of thermal vapor 
deposition on the isomeric structures o f nMeqsM chelates. This was accomplished
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through detailed NMR spectroscopic and x-ray diffraction studies. Although 'H  NMR 
spectroscopic characterization o f nMeqsAl and nMeqsGa (n =0, 2, 3, 4,. 5, 6 , and 7) 
chelates have been reported, the materials analyzed previously were recrystallized from 
either water or alcohol resulting in metal chelate solvent adducts. No materials were 
subjected to thermal vapor deposition or sublimation. In Chapter 2, both 'H and 
NMR spectroscopic analysis o f the metal chelates after thermal sublimation are presented 
and the results compared to previous 'H NMR studies o f recrystallized materials. To our 
knowledge, this is the first detailed NMR studies o f Mqs derivatives. Furthermore, 
the first single crystal and powder x-ray diffraction studies of vapor grown crystals of 
lnq3 are presented in Chapter 3. The crystallographic results for Inq3 are compared to 
previous studies performed on Alqs and Gaq3 . This work may provide important 
information for determining the reasons for lower operating voltages for Gaqs and Inq3 
compared to Alqs in identically prepared OLEDs. The general implications o f this thesis 
work are discussed in Chapter 4.
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CHAPTER 2
NMR SPECTROSCOPIC CHARACTERIZATION OF METAL 8 - 
HYDROXYQUINOLINE CHELATES
2.1 Experimental
2.1.1 Materials
The metal chelate, aluminum tris(8 -hydroxyquinoline) (Alqs) and ligands 8 - 
hydroxyquinoline (q) and 8-hydroxy-2-methylquinoline (2Meq) were obtained from 
Aldrich Chemical Co. The ligands [8-hydroxy-3-methylquinoline (3Meq), 8-hydroxy-4- 
methylquinoline (4Meq), and 8-hydroxy-5-methylquinoline (5Meq)], and metal tris-(8 - 
hydroxy-n-methyquinoline chelates (nMeqsM: M = Al^ "^ , Ga^^, and In^ "^ ; n =  0, 2, 4, 5) 
were earlier synthesized by Padmaperuma.' All materials were subjected to high vacuum 
(~10‘^  Torr) gradient temperature sublimation in a Lindberg/Blue 3-zone tube furnace by 
raising the temperature slowly from 25°C to ~300°C -  400°C (dependent on melting point 
o f sample)' over a 3-day period. Purified samples were collected from zone 2, submitted 
for elemental analysis, and data reported elsewhere.'
2.1.2 NMR Characterization 
The 'H and '^C NMR spectroscopic studies were conducted at probe temperature set 
is typically 293K (20°C) using a Bruker 400 MHz NMR spectrometer. Samples were
15
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prepared in CDCI3 and DMSO-de, and tetramethylsilane (TMS) was added as the 
chemical shift reference (all purchased from Aldrich Chemical, Co.). The metal chelates 
exhibit different solubilities, but all were adequate for the less sensitive '^C NMR 
analysis.
Impurities in the CDCI3 solvent were observed in the upheld region of the 'H NMR 
spectra, but did not interfere with the assignment of the methyl group resonances. The 
DMSO-de solvent contained water. All samples were filtered through a micro filtration 
column composed of silica and anhydrous Na2S0 4  to remove water, impurities and 
insoluble metal chelate.
2.2 'H  NMR Results
2.2.1 Effect of Metal Ion: Results for Mqs (M = Af"^, Ga^^, In^^)
'H NMR o f Alq3, Gaq3 and Inqs conducted in CDCI3 are shown in Figure 2.1. 
Schmidbaur previously showed three resolved resonances for each proton in the NMR 
spectrum for Alq3 .H2 0  and Gaq3.H2 0 , corresponding to the three different ligands of the 
mer-isomer at -I5°C.^ Those results and data collected at elevated temperature are 
compared with 'H  NMR data obtained at 20“C for thermally sublimed Alq3 in Table 2.1. 
There were no significant differences observed in chemical shift values and coupling 
constants. However, at near room temperature, resolution was lower, and all three 
resonances for the chemically inequivalent ligands were not always observed (See Fig. 
2.1a). Similar results were noted when comparing Gaq3 .H2 0  ^and the thermally sublimed 
material (See Appendix A). However in comparing 'H  NMR data o f Alq3 and Gaq3 as 
seen in Figure 2.1a and 2.1b respectively, Gaqs spectrum is less complicated and peaks
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corresponding to pyridyl ring protons are broadened. Unlike Alqa where in many cases 3 
resonances corresponding to the different ligands of wer-isomer could be assigned, for 
the same set of protons in Gaqa only a single resonance is observed for each one. 
However this material is not the yhc-isomer because H-2 observed at 8 . 8 6  ppm only 
integrates to 2 protons and the 3^** proton is likely obscured by the resonance for H-3 
based on the integration. One important difference between Alqa and Gaqs NMR spectra 
reported here was the more broadened features o f the pyridyl ring protons for Gaqs (See 
Fig. 2.1). This broadening may be caused by a longer and weaker Ga-N bond, which lead 
to higher fluxionality o f the chelate in solution as observed by Saito.^
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Table 2.1. 'H NMR data for Alq; in CDCI3 at different temperatures
Chemical
Shift
(ppm)
Alqj in 
CDCI3 at 
20°C 
(This work)
Ja.b (Hz) Alqs 
Schmidbaur^ 
. at -15“C
la.b (Hz) Alqa 
Schmidbaur^ 
at 50°C
Ja,b (Hz)
6H2 8.85 (d) 
8.81 (d) 
7.22 Cd)
12,3=4.15
12,3=4.27
12,3=4.82
8.85
8.80
7.22
12,3=4.75
12,3=4.88
12,3=4.58
8.84 (br) 
8.80 (br) 
7.20 (br)
-
5H3 7.33 (d,d) 
7.41 (d,d) 
7.16 (d,d)
13,4=8.00
13,2=5.15
13,4=7.32
13,2=3.30
13,4=7.83
13,2=3.79
7.42
7.34
7.15
13,4=8.55
13,4=8.54
13,4=8.24
7.39 (br) 
7.30 (br) 
7.15 (br)
5H4 8.28 (d) 
8 . 2 0  (d)
14,3=8.24
14,3=8.18
8.28
8.19
8.18
■
8.24
8.16
8.15
-
5H5 7.10 (t) 
7.06 (d) 
(overlapped 
with H7)
15,6=7.31
15,6=7.69
7.10
7.09
7.08
15,6=7.93
15,6=7.93
15,6=7.93
7.07 15,6=7.33
6 H6 7.51 (t) 
7.49 (t)
16,7=8.01
16,5=7.74
16,7=8.03
16.5=7.99
7.49
7.47
7.46
16,7=8.54
16,7=8.54
16,7=8.24
7.47 16,7=7.63
ÔH7 7.10 (t) 
7.06 (d) 
(overlapped 
with H5)
17,6=8.05 7.08
7.06
7.05
7.03
yx- WV/MWIV'V, L U 5 U -U U U U JC I  V i  U U U U i C l b )
Note: 'H  NMR chemical shifts for the ligand
)r-broad) 
is reported in Appendix A
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Figure 2.1. 'H NMR spectra for Alqs and Gaqs in CDCI3 showing more broadened 
features for the gallium chelate.
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Based on these experimental evidences for Alqs and Gaqs, we would expect to 
observe similar results for Inqa. However, according to previous ’H NMR studies 
reported by Padmaperuma,' unlike Alqa and Gaqs, the indium analogue exhibited a single 
resonance for each proton suggesting equivalent environments for the three ligands. 
Padmaperuma therefore proposed that Inqs preferred a facial configuration.' Chemical 
shift values were similar to those reported here for mer-Alqs and mer-Gaqj, with the 
exception of H-2, which was observed at ~ 0.3 ppm further upfield and integrated to 3 
protons (See Fig. 2.1c). As Baker discussed previously, the chemical shift of H-2 should 
occur much farther upfield for the yûc-isomer because o f ring current effects from 
adjacent ligands.'' The fact that the upfield shift o f H-2 for Inqa is small might be a result 
of a decreased ring current effect compared to Alqs and Gaqs due to the increased size of 
the metal ion and increased In -0  and In-N bond lengths. Careful consideration of the 
literature conducted for this thesis work found that 'H NMR and x-ray diffraction studies 
had been reported even earlier than Padmaperuma’s work for the ethanol adduct o f 
Inqs.^'^ In both studies, Green^ and then Addy^ showed a meridianal configuration for 
single crystals o f Inqa.EtOH, but also reported solution 'H NMR results, which were 
identical to results presented by Padmaperuma for the thermally sublimed material. 
Hence, a question arose whether the alcoholic solvent could affect a mer-fac equilibrium 
and favor the meridianal configuration upon recrystallization. Therefore, in this thesis 
work, the 'H NMR spectrum o f thermally sublimed Inqa was determined in deuterated 
methanol (CD3OD) and CDCI3 and results compared to the literature values as seen in 
Table 2.2.
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In both solvents, a single set o f resonances was observed for each proton. Therefore, 
there is no evidence for a protic solvent assisted mer-fac equilibrium of Inqs, at least at 
293K, thus the nature of the solution 'H  NMR spectrum of Inqa must be due to high 
fluxionality o f the wer-isomer only.
Table 2.2. Comparison of 'H NMR data with literature for Inqs in CDCI3 and CD3OD
Chemical 
shift (ppm)
Inq3  at 
20“C 
CDCI3
Ja,b (Hz) Inq3 .EtOH 
Green^ at 
RT CDCI3
Ja.b (Hz) Inq3 at 
20'C  
CD3OD
Ja.b (Hz)
5H2 8.55 (d) 12,3=3.98 8.54 (d,d) 4.6
1.2
8.56 (d,d)* J2,3=4.56 
J2,4=4.35
6H3 7.40 (d,d) J3,4=8.14 
J3,2=4.57
7.40 (d,d) 8.3
4.6
7.62 (d,d) J3,4=4.83
J3,2=4.61
5H4 8.28 (d) J3,4=8.19 8.28 (d,d) 8.3
1.2
8.56 (d,d)* J4,3=4.56
34,2=4.35
ÔH5 7.18(d) J5,6=7.82 7.17 (d,d) 7.8
0.7
7.25 (d) 35,6=8.2
ÔH6 7.50 (t) J6,7=8.00 
J6,5=8.00
7.49 (t) 8.0 7.55 (t) 36,7=8.16
36,5=8.00
ÔH7 7.04 (d) J7,6=8.08 7.03 (d) 8.0 7 .13 (d ) 37,6=7.82
(d-doublet; t-triplet; d,d-doublet o f  doublets; br-broad)
*- two signals are superimposed
Data was also collected in DMSO-dg. Because Inqs exhibits the highest fluxional 
behavior o f the Mq3 series then in the presence of DMSO-de the positively charged In^^ 
ion would be more strongly solvated than the corresponding anionic ligand. The 
fluxional behaviour o f Mq3 chelates was proposed to occur via solvent assisted M -0  
bond breaking in alcoholic solvents.^ However, previous studies o f zinc bis-(8 - 
hydroxyquinoline) (Znq2), which exists as a supramolecular tetrameric structure via 
bridging of phenolato oxygen atoms with Zn^^ in the solid state, showed that in 
CH2Cl2 :DMS0  solvent mixtures disassociation o f this structure to smaller oligomers
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occured7 This suggests that even polar solvents, such as DMSO can affect M-0  bonding 
in metal 8 -hydroxyquinoline chelates. If  such interaction with the solvent occurs it would 
route to dissociation of the metal chelate resulting additional resonances for the free 
ligand observable in the NMR spectrum and also could affect a mer/fac equilibrium, if 
present. However, none o f the metal chelates, including the most fluxional Inqs showed 
additional resonances when dissolved in DMSO-de. Spectra, chemical shifts, and 
coupling constants are presented in Appendix A.
2.2.2 Effect o f Méthylation: Results for nMeqsM.
Similar to Mqs materials, the 'H NMR spectrum in CDCI3 and DMSO-de for all n- 
methylated metal tris-quinolates (n = 2, 4, and 5 and M= Al^ "^ ’ Ga^^ and In^^) showed 2-3 
resonances for each proton, indicating preference for only the mer-isomer. The chemical 
shift values and coupling constants were similar to work previously published by 
Schmidbaur^ and Padmaperuma.' Interestingly, methyl substitution at C-2 for gallium 
and indium resulted in different geometric isomer configurations. As previously reported 
by Schmidbaur^ méthylation of the C-2 position of the ligand causes steric hindrance to 
metal chelation and an equilibrium results between mer and /uc-isomers where both 
isomers were observed in the 'H NMR spectrum. However, 2 Meq3ln did not exhibit the 
same phenomenon and only the mer-isomer was observed (See Fig. 2.2). These results 
suggest the size o f the metal ion plays a significant role on the formation of mer vs.fac  
configurations, and the preference for the meridianal configuration must not solely be 
determined by steric factors (i.e., energy factors may be more important). This might be
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tested by preparing more sterically hindered C-2 substituted 8 -hydroxyquinoline chelates
(i.e., replace methyl with isopropyl) o f both In^^ and Ga, 3+
1
2 M e q 3 l n
f  l
[  I
1
1
l l L
f
f
I  liI s t l i f '  111 !1 ■. . . . . . . . . — - - v
Figure 2.2. 'H NMR Spectra o f 2 Meq3Ga and 2 Meq3ln in CDCI3 at 293K
The only methylated chelate besides 2 Meq3Ga, which showed differences in the 
NMR spectra, was 4 Meq3ln. An additional set of very low intensity peaks was observed 
in the aromatic region. However, the chemical shift values were found downfield from
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the high intensity peaks corresponding to the mer-isomer. Therefore, these additional 
resonances are most likely due to an impurity in the sample, and not due to the fac-
isomer.
2.3 '^C NMR Results
2.3.1 '^C NMR Analysis o f 8 -hydroxy-n-methylquinoline (n = 0 ,2 ,4 ,5 )
Since ‘^ C NMR spectra o f Mqs chelates have not been previously reported, the 
ligands were analyzed first in order to facilitate interpretation o f the spectra. Upon 
méthylation of the 8 -hydroxyquinoline ligand the ipso carbon should be deshielded. 
Therefore, assignments for C2, C4, and C5 o f 8 -hydoxyquinoline could be accessed by 
observing which peaks shifted upon méthylation. Figure 2.3 compares the '^C spectra for 
8 -hydroxyquinoline and its C4- and C5-methylated derivatives. Upon méthylation, only 
the ipso carbons shifted (~ 6 - 8  ppm downfield).
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Figure 2. 3. "’C {’H} NMR Spectra for 8 -Hydroxyquinoline, and ils 4-methyl and 5 -
methyl derivatives in CDCI3 at 293K
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2.3.2 {'H} NMR Analysis ofnMeqsM (M^ "" = Al, Ga, and In) Chelates
Once the assignments for the ligands were established the nMeqsM chelates giving 
the simplest spectrum were evaluated next. All nMeqsIn chelates were found to exhibit a 
single resonance for each carbon atom of the ligand. The changes in chemical shift of 
each carbon after chelation to form the nMeqaIn chelates are shown in Table 2.3. and are 
consistent with predicted shifts of the carbon resonances from that o f the protonated 
ligands.
Table 2.3. Differences in Chemical Shift Between nMeqsIn Chelates and 
Protonated Ligands in CDCI3
c  (ppm) Inq3 4Meq3ln 5Meq3ln
C2 -2 . 8 -3.0 -2 . 8
C3 -0 . 6 -0.7 -0.7
C4 +4.0 +5.0 +4.1
C5 -6 . 0 - 6 . 1 -6.3
C6 +3.2 +2.9 +3.3
C7 +4.5 +2.5 +4.8
C8 +7.1 +7.4 +7.1
C9 +0 . 2 0 + 0 . 2
CIO +1.7 +1.4 +1.5
Note: (-) value denotes upfield shift and (+) values denotes downfield shift. 
See Appendix B for '^C NMR chemical shifts for these metal chelates 
and ligands
For example, the '^C chemical shift values for phenol and sodium phenol ate are 
shown in Figure 2.4. When the oxygen atoms bears negative character deshielding of the 
carbon bound to oxygen and shielding of the carbon para to this moiety in the phenolato 
ring occurs. The ortho carbons are deshielded upon deprotonation. However, in 8 - 
hydroxyquinoline, the effect o f the fused pyridyl ring should cause an additional 
deshielding effect at C-9 compared to C-7, as shown in Fig. 2.5. It is noted that there is
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little or no affect on chemical shift values for C-3, C-6, C-9, and C-4 when comparing 
quinoline and 8-hydroxyquinoline. The largest shifts upon chelation for all nMeqaIn 
chelates were observed for C-8 (~7 ppm, downfield) and C-5 (~6 ppm, downfield). 
These shifts are smaller compared to sodium phenolate because In -0  bonding is not 
purely ionic. The assignments for C-2, C-5, and C-4 of the nMeqaIn chelates were 
facilitated by identifying the downfield shift and reduction in size o f the peak 
(quartemar)' carbon) upon méthylation as seen in Fig. 2.6.
130-5 116.1
1 2 0 .8 ^  /2— OH
130.6____120.5
\  / M '
115.1 O' +
168.3 Na+
Figure 2.4. '^C NMR assignments for phenol and sodium phenolate model compounds^
/ c s
C6 C7
121.7_____151.1
136.2 C N 
1 2 8 .9 \ = / l 4 9
128.5 (\ /> 130.3\  //
127.0 129.9
121.5 147.9
117.5
Figure 2.5. The numbering of carbons and '^C NMR assignments for 8- 
hydroxyquinoline and quinoline®
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Figure 2.6. Assignments of carbon resonances {’H} with respect to Inqs, 4 Meq3Ïn and
SMeqaln in CDCI3 at 293K
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Similar to corresponding NMR spectral data for Alqs, Gaqs, and their methyl 
substituted analogues, '^C NMR spectra showed groupings of 2-3 resonances for each 
carbon atom of the three inequivalent ligands, as shown in Fig.2.7. The chemical shifts 
of these resonance groupings were consistent with the carbon atom assignments for the 
simpler spectra exhibited by the nMeqsIn chelates. All spectra were also collected in 
DMSO-de, where no additional resonances were observed. The NMR chemical shifts 
for Alq3, Gaq3, and Jnq3 in C D C I3 are listed in Table 2.4, and data for the methylated 
derivatives, and all chelates obtained in DMSO-de can be found in Appendix B.
■ f ; mm
Alqa
juvi
T3JÔ’
^  ^  ^  N X  ^  ^  ^  ^
Gaqj
mULiJL^  #  * 3   J . - .n n
Figure 2.7. ” C {’H} NMR spectra for Alq3 and Gaqs in CDCI3 at 293K
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
30
Table 2.4: NMR Spectral data for q, Alqa, Gaqs and Inqs in CDCI3
ÔC (ppm) q Alqa Gaqs lnq3
ÔC2 147.9
144.8
144.5
142.2
144.3
144.1 145.1
ÔC3 121.7
1 2 1 . 6
121.5
120.9
121.5
121.3
120.9
1 2 1 . 1
ÔC4 136.1
140.1 
139.6 
139.3 
(overlapped 
with 09)
141.9 
139.7 
137.6 
(overlapped 
with 09)
140.1
SC5 117.9
111.9
111.7
1 1 1 . 6
1 1 1 . 8  
1 1 1 . 6  
111.5 
(overlapped 
with 07)
111.9
ÔC6 127.6
131.4
130.9
130.8
131.3
130.9
130.8
130.8
ÔC7 110.3
113.6
1 1 2 . 8
112.4
113.7 
113.4 
113.1 
(overlapped 
with 05)
114.8
8 C8 152.3
159.0
158.7
158.8
158.8 
158.6
159.4
ÔC9 138.2
142.2 
140.1 
139.6 
(overlapped 
with 04)
141.9 
138.2 
137.6 
(overlapped 
with 04)
138.4
SCIO 128.5
129.7
129.6
129.3
129.8 
(overlapped 
with 06)
130.2
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CHAPTER 3 
X-RAY DIFFRACTION RESULTS
3.1 Experimental
3.1.1 Crystal Growth and Sample Preparation
Indium tris (8 -hydroxyquinoline) (Inqs) was synthesized according to the procedure 
outlined by Padmaperuma and recrystallized from methanol.' Crystals were grown from 
the vapor phase using high vacuum gradient temperature sublimation. Approximately 4 g 
of sample in an aluminum foil boat was placed in a glass tube with diameter o f 4 cm and 
length o f 75 cm, which was closed at one end. This glass tube was placed in a longer 
quartz tube (diameter 2  in.) and attached to a stainless steel vacuum manifold fitted with a 
liquid nitrogen trap. The tube containing the Inqs sample was placed in the third zone of 
a Lindberg Blue 3-zone furnace, which was the zone farthest from the vacuum system. 
The tube was placed under vacuum by first roughing the system down with a mechanical 
pump and attaining high vacuum with a turbo pump (Leybold TMP 150). A cold cathode 
gauge was used to measure high vacuum (~ 1 0 '^ - 1 0 ’^  Torr), but could not be placed near 
the sample tube so the actual vacuum at the sample is not known. This system is shown 
in Figure 3.1.
The sample was heated in zone 3 at 100°C overnight to remove residual solvent 
(zones 1 and 2 was set to 30°C throughout the process). The temperature o f zone 3 was 
increased incrementally by monitoring changes in vacuum over an 8 -day period (if the
32
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vacuum is > 10'® Torr, the temperature o f the system kept constant until the vacuum 
dropped down to ~ 10"® -10'^ Torr). Temperature o f zone 3 was increased to 220°C by 
day 2 and by day 3, (zone 3 = 226°C, zone 2= 191°C and zone 1= 179°C) a yellow film 
formed in zone 1. By day 4 the temperature o f zone 3 raised to 238°C and on day 5 (zone 
3 = 242®C) small yellow needles were observed in zone 2 (temperature o f 212°C). The 
temperature o f zone 3 was slowly increased to 290°C over the next 3 days, with 
subsequent growth of larger crystals in zone 2. Crystals were collected from this zone 
only.
(a) (b)
Figure 3.1. High vacuum gradient temperature sublimation system showing: (a) glass 
tube containing sample inside larger quartz tube attached to stainless steel vacuum 
system; and (b) sample enclosed in 3-zone tube furnace.
Optical images o f Inqa crystals grown from methanol to give Inq3(MeOH) and from 
the vapor phase, to give pure Inqs are shown in Figure. 3.2. The crystals formed from 
methanol were well-defined yellow prisms, whereas crystals grown from the vapor phase 
were composed o f two types of crystals, small yellow needles and larger greenish-yellow, 
pseudo hexagonally shaped crystals, which are more difficult to see in the figure. Several
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of these large vapor grown crystals were separated from the needles and single crystal x- 
ray diffractions studies performed. Results reported here were conducted on a crystal 
with dimensions 50 X 55 X 65 pm^ placed in a 0.1 mm glass capillary tube. Single 
crystal x-ray diffraction studies could not be completed on the smaller needles because 
reflection intensities were too low. However, powder x-ray diffraction o f the crystalline 
mixture was obtained by mixing with silicon powder as an internal standard and placing 
in a sealed 0.3 mm diameter glass capillary.
(a) (b)
Figure 3.2. Optical images obtained on Olympus BX41 optical microscope, for Inqs 
crystals (magnification 20x0.55mm); (a) recrystallized from methanol and (b) grown
from the vapor phase.
3.1.2 Single Crystal X-ray Diffraction 
Single-crystal X-ray diffraction data were collected at 293K on a High Pressure 2- 
axis x-ray diffractometer (HiP2x) equipped with a powerful 18 kW rotating anode system 
(Rigaku ULTRAX 18) as a source o f intense x-rays. The beam was monochromatized by 
a graphite-monochromator (Mo Ka radiation, 1 = 0.71070Â). The diffraction pattern was 
recorded with an image plate detector Rigaku R-axis 4++. HV setting: 40 kV and 24 mA.
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Three different sets o f 12 frames each in the range 3.03 < 0 < 35.85°and approximately 
a full sphere of data within the limits of 6  < co < 334°was collected by œ scan technique 
with sample-detector distance fixed at 7 cm and a beam exposure o f 2 min/frame. The 
collected frames (total number o f reflections-7871) were then processed by the software 
Crystal Clear for integration with = 0.0196. The structure was solved by Patterson 
method and difference Fourier methods and subsequently refined by full-matrix least 
squares against Fq  ^using all the reflections and the program SHELXL97.^
3.1.3 Powder X-ray Diffraction 
X-ray powder diffraction patterns of the crystalline mixture of Inqs obtained from the 
vapor phase were taken on a Rigaku two-circle diffractometer equipped with a rotating 
anode x-ray source (ULTRAX Mo K« radiation) and an image plate detector (Rigaku R- 
axis 4++). The sample, mixed with silicon powder as an internal standard was enclosed 
in a 0.3 mm diameter glass capillary. Diffraction data were collected for 1 hr and 
analyzed using F1T2D.^ Rietveld refinements were carried out using the program 
FullProf.98.'’
3.2 Results
3.2.1 Crystal Structure of Inqs 
The crystal structure results for the large vapor grown crystals of Inqa are reported in 
Table 3.1 and compared to previous results for Alqs crystals grown from the vapor 
phase.® Similar to Alqs, the molecular geometry o f Inqs was found to be meridianal with 
triclinic crystals belonging to space group P-1. Two molecules make up the unit cell in
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both systems, but as expected for the larger ionic radius o f In^ ®, Inqa shows an increase in 
all unit cell parameters, volume, and density compared to the smaller Alqs molecule. The 
R1 agreement index for Inqs was similar to work presented by Brinkman for p-Alqs.S
Table 3.1. Comparison of structural parameters o f (J-Alqs (Brinkmann)® and Inqa
empirical formula C27H18AIN3O3 C27HiglnN303
fw 409.43 547.26
crystal system triclinic triclinic
space group P-1 P-1
a, Â 8.4433(6) 8.486(6)
b, A 10.2522(8) 10.399(8)
c, A 13.1711(10) 13.246(12)
a, deg 108.578(1) 108.78(4)
P, deg 97.064(1) 97.65(3)
Y, deg
v,A ^
89.743(1) 90.34(4)
1071.7(2) 1095.4(15)
z 2 2
F(OOO) 476 548
D(calcd), g cm'^ 1.424 1.659
H, mm ' 0.13 1 . 1 2
temp, K 293(2) 293(2)
technique Single-crystal diffraction Single-crystal diffraction
diffractometer Siemens SMART/CCD HiP2x
Rigaku R-axis 4+-t-
x,A 0.71073 0.71070
26 range,deg 4-58 6.06-71.70
agreement indices Rl=0.059, R 1=0.0562
The average In-O and In-N bond lengths are similar to those reported by Green and 
Korber^ for InqaEtOH except the average ln -0  bond is slightly longer because o f the 
effect o f  H-bonding of one o f the phenolato oxygens with the protic solvent (see Table 
3.2). However, compared to Alqg both the ln -0  and In-N average bond lengths are 
significantly longer (0.260 Â and 0 . 2 1 2  Â longer, respectively) as a result of the larger 
ionic radius of In^ ®, most likely the cause o f the higher fluxionality o f the metal chelate in 
solution, as supported by the NMR studies in Chapter 2. The geometry about the metal 
ion in both Inqs and Alqs is pseudo octahedral, mainly due to the unsymmetrical nature of
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the 8 -hydroxyquinoline ligand. For example, the difference between average In-0 and 
In-N bond lengths is 0.147 Â, whereas for Alqs the difference is greater (0.208 Â) 
resulting in a reduction of trans bond angles at indium, 0 (3)-In-0(l), 0(2)-In-N(2) and 
N (l)-ln-N (3) (161.13, 163.54, and 171.55) compared to Alqs (168.22, 171.46, and 
173.82). The atomic labels for Inqa are shown in Fig. 3.3 and bond lengths and bond 
angles are reported in Tables 3.3 and 3.4.
Table 3.2. Comparison of average metal-ligand bond lengths for pure Inqs vs its ethanol
adduct
Average bond 
length (A)
Thesis Green^ Korber'
In-O 2.116(3) 2.133(5) 2.124(2)
In-N 2.263(3) 2.261(6) 2.255(3)
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Table 3.3. Inqa Bond lengths (Â)
Bond Length (A)
ln-0 (2 ) 2.109(2)
ln-0(3) 2.115(3)
In-0 (]) 2.123(3)
In-N(l) 2.243(3)
ln-N(3) 2.269(3)
In-N(2) 2.278(3)
0(1)-C(5) 1.321(3)
0(2)-C(16) 1.315(4)
0(3)-C(13) 1.329(3)
N(l)-C(8 ) 1.330(3)
N(l)-C(7) 1.355(3)
N(2)-C(14) 1.332(4)
N(2)-C(10) 1.359(4)
N(3)-C(21) 1.320(4)
N(3)-C(19) 1.361(4)
C(l)-C(7) 1.407(4)
C(l)-C(6 ) 1.417(4)
C(l)-C (ll) 1.430(4)
C(2)-C(5) 1.394(4)
C(2)-C(3) 1.411(5)
C(3)-C(4) 1.363(6)
C(4)-C(3) 1.363(6)
C(4)-C(9) 1.412(5)
C(5)-C(2) 1.394(4)
C(5)-C(10) 1.442(4)
C(6)-C(26) 1.407(5)
C(7)-C(13) 1.438(3)
Bond Length (A)
C(8 )-N(l) 1.330(3)
C(8 )-C(1 2 ) 1.414(4)
C(9)-C(27) 1.423(5)
C(9)-C(10) 1.426(4)
C(10)-C(9) 1.426(4)
C(ll)-C(1 2 ) 1.366(5)
C (ll)-C d) 1.430(4)
C(13)-C(24) 1.387(4)
C(14)-C(15) 1.414(5)
C(15)-C(27) 1.346(6)
C(16)-C(22) 1.395(4)
C(16)-C(19) 1.427(4)
C(17)-C(20) 1.384(8)
C(17)-C(18) 1.410(6)
C(18)-C(19) 1.415(4)
C(18)-C(25) 1.436(6)
C(19)-C(18) 1.415(4)
C(20)-C(22) 1.449(6)
C(21)-C(23) 1.386(5)
C(22)-C(16) 1.395(4)
C(23)-C(25) 1.349(7)
C(24)-C(26) 1.385(5)
C(24)-C(13) 1.387(4)
C(25)-C(18) 1.436(6)
C(26)-C(6) 1.407(5)
C(27)-C(15) 1.346(6)
C(27)-C(9) 1.423(5)
Table 3.4. Inqa Bond angles (deg)
C i o  C I S
C 26 0 2 0
0 2 7  C
C I 2U  V c i 3
C 2 2 C " ^  C18
Figure 3.3. Inqa atomic labels.
Angle Degrees
N(l)-In-0(1) 94.88(10)
N(2)-In-0(2) 163.54(9)
N(3)-In-0(3) 95.29(10)
0(1)-In-N(3) 93.50(10)
0(3)-In-0(l) 161.13(9)
N(l)-ln-N(2) 94.56(10)
N(l)-ln-N(3) 171.55(8)
N(l)-In-0(2) 1 0 1 .0 0 ( 1 0 )
0(2)-ln-0(3) 100.95(12)
0(2)-ln-N(3) 76.80(10)
N(2)-In-N(3) 88.55(10)
0 (l)-ln-0 (2 ) 97.30(11)
N(l)-ln-0(3) 77.01(9)
0(l)-ln-N(2) 75.87(10)
N(2)-ln-0(3) 87.69(11)
C(5)-0(1)-In 115.70(16)
C(16)-0(2)-ln 115.24(19)
C(13)-0(3)-ln 114.34(16)
C(8)-N(l)-C(7) 120.3(2)
C(8 )-N(l)-ln 128.82(19)
C(7)-N(l)-ln 110.69(17)
C(14)-N(2)-C(10) 119.4(2)
C(14)-N(2)-ln 129.2(2)
C(10)-N(2)-In 111.28(17)
C(21)-N(3)-C(19) 120.3(3)
C(21)-N(3)-ln 129.7(2)
C(19)-N(3)-In 109.97(18)
C(7)-C(l)-C(6) 120.5(3)
C(7)-C(l)-C(ll) 117.4(3)
C(6 )-C(l)-C(l 1) 122.1(3)
C(5)-C(2)-C(3) 121.0(3)
C(4)-C(3)-C(2) 122.9(3)
C(3)-C(4)-C(9) 119.0(3)
0(1)-C(5)-C(2) 123.4(3)
O(])-C(5)-C(10) 1 2 0 . 1 (2 )
C(2)-C(5)-C(10) 116.5(2)
C(l)-C(6)-C(26) 116.9(3)
N(l)-C(7)-C(l) 121.7(2)
N(l)-C(7)-C(13) 117.0(2)
C(l)-C(7)-C(13) 1 2 1 .2 (2 )
N(l)-C(8)-C(12) 121.5(3)
C(4)-C(9)-C(27) 124.8(3)
C(4)-C(9)-C(10) 119.0(3)
C(27)-C(9)-C(10) 116.2(3)
N(2)-C(10)-C(9) 1 2 2 .0 (2 )
N(2)-C(10)-C(5) 116.3(2)
C(9)-C(10)-C(5) 121.7(2)
C(12)-C(ll)-C(l) 119.6(3)
C(ll)-C(12)- C(8 ) 119.4(3)
0 (2 )-ln-0 (l) 97.30(11)
0(3)-In-0(l) 161.13(9)
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The packing structure for pure Inqa exhibits partially overlapped ligands of 
neighboring molecules, which forms a one-dimensional structure as shown in Figure 3.4. 
Interestingly these chelates packed as enantiomeric pairs giving rise to a racemic mixture 
in solid state, which was consistent with previous single crystal studies on a and p-Alq] 
by Brinkmann.^ The ligands were found to be overlapped in two different orientations, 
partial pyridyl-pyridyl ring overlaps and alternate pyridyl-phenoxide ring overlaps of 
adjacent molecules. The extent of pyridyl-pyridyl ring overlap was found to be less 
compared to polymorphs of Alqs. This could be attributed to the electrostatic repulsions 
between two In^  ^ ions, which will keep these molecules further apart. But on the other 
hand pyridyl-phenoxide ring was found to have much pronounced overlaps with the 
shortest distances to be ~ 3.5 A (See Fig. 3.4), which is closer to values reported for Alqa
by Brinkmann.
Figure 3.4 Crystalline packing of Inqs showing strong ti- n  stacking (dotted lines) of 
enantiomeric pairs o f the mer-isomer along the a and b axis (-3.5 A)
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3.2.2 Powder X-ray Diffraction of Vapor Grown Crystals
The crystals obtained from vapor deposition were found to have two types o f crystals 
(Figure 2b). Single-crystal x-ray studies could not utilized to analyze the needle shaped 
crystals due to their small size, which would lead for a weak diffraction pattern. 
Therefore both types of crystals were used to perform powder x-ray diffraction analysis. 
The diffraction pattern obtained from this experiment was then compared with the 
diffraction pattern obtained by single-crystal analysis for pseudo hexagonal shaped 
crystals. Significant differences between the data sets and diffraction pattern are 
indicative of an alternative polymorphic form o f Inqs in the bulk material, which may be 
the/flc-isomer. Further studies have to be done in order to determine the exact nature of 
this phase. The Rietveld refinement plot o f the powder Inqs is shown in Appendix E.
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CHAPTER 4 
CONCLUSIONS
This thesis reports the first ever study o f metal tris-quinolates using ’^C NMR 
spectroscopy. Investigation o f these metal chelates through comparison with 
corresponding 'H NMR spectral data and previous work still suggests that the mer-iorm 
is exclusively observed except for the reports by Schmidbaur’ and Nanayakkara,^ which 
support a possible mer-fac equilibrium for 2 Meq3Ga.
So far there has been little or no conclusive evidence at all to support the existence of 
the /ûc-isomer in solution. But the major concern regarding solution studies is that any 
effect from the solvent to favor the thermodynamically favored mer-isomer, might 
suppress the existence of the ybc-isomer upon solvation. Since, the materials used for 
previous analysis cited in literature were found to be obtained by recrystallization from 
an alcoholic solution or by precipitation methods.’’^  Therefore these metal chelates were 
purified by temperature gradient vacuum sublimation to avoid any interferences from the 
solvent molecules that associated with the crystal structure, which may favor existence of 
only one isomer. But 'H and '^C NMR results showed that there is no such evidence for 
theyàc-isomer in either solvent. Also it was shown that the polarity of the solvent did not 
cause any influence on the isomer distribution or dissociation o f the chelate similar to that 
of Znq2 and Liq materials.^’^
42
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The metal chelate Inqs and its methylated derivatives were found to be highly 
fluxional, consistent with studies reported by Saito.^ Although the ’H NMR for nMeqsIn 
(n= 0, 2, 4, 5) does not show any upfield resonances for H-2 still we cannot entirely 
exclude the existence o f the/ac-isomer for these chelates due to the larger size of the In^^ 
ion. This facilitates the ligands to arrange further apart from each other such that the 
effect o f the ring current to be minimized. Therefore Baker’s explanation may be true for 
metal tris-quinolates such as Alqs and Gaqs due to the relatively small ionic radii o f Al^^ 
and Ga^^ (0.54 and 0.62 Â respectively), which would give rise to closer spatial 
arrangement of the ligands around the metal ion that could ultimately result in a shielding 
effect on the H-2 from an adjacent pyridyl ring. But this may be not true for Inqs chelates 
due to the increased size o f the In^^ ion (0.80 A). This could eventually give rise to an 
entirely different chemical shift for H-2 (probably a downfield similar to that of mer- 
isomer), which may be the chemical shift that we observed for Inqs and its derivatives. 
Also more detailed studies of steric effects can be carried out by introducing bulky 
groups at the 2  position of the ligands to see any possibility o f forming the _/ûc-isomer 
similar to that o f 2MeqsGa.
Better knowledge about the packing arrangement of Mqs chelates in thin films is 
important because it plays a significant role on charge transport process. To have an 
efficient charge transport process preferred ti-ti overlaps between facing ligands in 
neighboring molecules should take place. It was explained that efficient overlaps of 
pyridyl rings (the location of LUMO) could enhance charge-transporting characteristics 
when used in devices, which results in lower operating voltages.’ From previous reports 
Alq3 exhibits better charge transport properties due to preferred overlap of the pyridyl
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
rings o f  neighboring molecules.® But methyl substitution on the pyridyl ring in the C-3 
and C-4 positions result in devices that require a higher operating voltage due to the 
disruption of n-n stacking of the ligands, a consequence o f steric hindrance.’ Therefore 
for systems that have a decreased overlap o f pyridyl rings lower charge transport 
properties and higher device operating voltages should be expected. Apart from the 
packing structure there was lot o f speculation regarding existence of mer-fac isomers in 
thin films. Owing to the amorphous nature of these films many favorable n- n 
orientations between ligands of the metal chelates could take place. These overlaps could 
either improve or reduce charge transport properties. The mer and fac-isomers were 
found to have different calculated distributions of HOMO and LUMO on the ligands. 
These two isomers could have different packing arrangements and different n- n overlaps 
between ligands. If  the _/ôc-isomer has better t i-  ti overlaps than its corresponding mer- 
analogue, then the entire charge transport mechanism of the device could be governed by 
the /ac-isom er if it exists. Detection o f its presence is likely limited by the very low 
abundance in these both solution and solid state films.
Apart from Alqs, to further investigate possible evidences for /ac-isomer for Inqs, 
single-crystal x-ray spectroscopic studies have been performed for the crystals grown 
from thermal gradient vacuum sublimation. Results were found to be consistent with 
previous studies on ethanol adducts o f Inqa.®’’® This was the first report o f the crystal 
structure of pure Inqs molecule. The t i- ti stacking was found to be one-dimensional and 
similar to that of P-Alqs, which found to have partial overlaps o f pyridyl rings as shown 
in Chapter 3. Also it was shown that thermal vapor deposition does not facilitate the 
conversion o f the mer-isomer o f Inqs to theyùc-configuration.
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At this time we cannot conclude that the _/àc-isomer does not exist in either solution 
or solid state. It might exist in a small amount, such that the spectroscopic techniques we 
use may be not sensitive enough to identify it in the presence of a large excess o f its other 
counterpart, the mer-isomer.
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Table A-1. 'H NMR data for Gaqs in CDCI3 at different temperatures
Chemical 
Shift (ppm)
Gaq; in 
CDCI3 at 
20°C
J.,b
(Hz)
Gaqa 
Schmidbaur at 
-15'C
Ja.b
(Hz)
Gaq3 
Schmidbaur at 
50°C
Ja,b
(Hz)
5H2 8 . 8 6  (br) 8.92
8.84
7.43
32,3=4.40
32,4=1.46
32,3=4.76
32,4=1.44
32,3=4.40
32,4=1.42
8.82 (br)
5H3 7.37 (br) 7.48
7.40
7.22
33,4=8.06
33,4=8.06
33,4=8.06
7.32 (br)
6H4 8.27 (br) 
8 . 2 0  (d)
J4,3=6.67
8.33
8.26
8.24
8 . 2 2  (br)
5H5 7.14(d) J5,6=7.43 7.17 35,6=7.30 7.14 35,6=8.06
5H6 7.49 (t) J3,4=7.95
J3,2=7.86
7.49 36,7=8.06 7.48 36,7=8.43
SH7 7.03 (d) 37,6=8.05 7.08-7.10 - 7.04 -
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
Table A- 2. 'H NMR data for Alqs in DMSO-de at different temperatures
Chemical 
Shift (ppm)
q la.b
(Hz)
Alq3 in 
DM SO at 
20”C
3a,b 
(Hz)
Alq3 Baker 
at 35'C
la.b
(Hz)
Alq3 Baker 
at 115”C
5H2 8.82 (d) 32,3=4.00 8.75 (d) 
8.62 (d)
32,3=4.23
32,3=4.26
9.03
8.90
7.42
8.52
SH3 7.49
(d,d)
33,4=8.30
33,2=4.10
7.46 (d) 
7.44 (d) 
7.34 (d)
33,4=7.75
33,2=4.49
33,2=3.99
7.97
7.86
7.75
7.78
5H4 8.27 (d) 34,3=8.30 8.57 (d) 
8.52 (d)
34,3=7.97
34,3=8.13
8.84
8.78
8.78
8.72
SH5 7.36 (d) 35,6=8.10 7.17(d) 
6.77 (d)
35,6=7.78 7.45
7.45
7.45
7.42
5H6 7.42 (t) 36,7=7.8
36,5=7.8
7.67 (d,d) 
7.58 (d,d) 
7.50 (t)
36,7=7.97
36,5=4.86
36,7=8.10
36,5=4.78
36,7=7.99
36,5=7.9
7.80
7.80
7.80
7.76
5H7 7.12(d) 37,6=7.4 6.91 (d,d) 37,6=7.28 7.22
7.20
7.07
7.16
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
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Table A-3. 'H NMR data for Gaqa in DMSO-de at 293K
Chemical Shift 
(ppm)
Gaqs in DMSO 
at 20°C
J..b
(Hz)
6H2 8.80-8.70 (br)
8.70-8.60 (br)
8.60-8.50 (br-overlapped with H4)
5H3 7.50 (br) -
6H4 8.60-8.50 (br-overlapped with H2) 
7.60-7.70 (br)
-
8H5 6.95 (d) 35,6=6.54
5H6 7.52 (t) 
7.17(d)
33,4=8.02
33,2=7.99
5H7 6.81 (br) 37,6=6.59
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
Table A-4. 'H NMR data for Inqs in DMSG-de at 293K
Chemical shift lnq3 in DMSO 3..b
(ppm) at 20“C (Hz)
5H2 8.61 (d) 32,3=7.58
6H3 7.67 (d,d) 33,4=8.18
33,2=4.4
6H4 8.48 (d) 34,3=3.65
5H5 7.16(d) 35,6=8.19
5H6 7.52 (t) 36,7=7.92
36,5=7.93
6H7 6.96 (d) 37,6=7.79
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
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Table A-5. 'H NMR data for 2MeqaGa in CDCI3 at different temperatures
Chemical
Shift
(ppm)
2 Meq3Ga in 
CDCI3 
at 20°C
J.,b
(Hz)
2 Meq3Ga 
Schmidbaur at 
25°C
3a,b
(Hz)
2Meq 3>.b
(Hz)
SH3 f-7.03 (t) 
m-7.08-7.13
33,4=8.60
33,4=8.12
f-7.06
m-7.28
33,4=8.30
33,4=8.30
7.36 (d) 33,4=8.30
ÔH4 f-7.99 (d) 
m-8 . 2 1  (d)
34,3=8.37
34,3=8.40
f-7.99
m-8 . 2 1
- 8.18(d) 34,3=8.30
5H5 f-6.98 (d) 
m-7.08-7.13
35,6=8.10 f-6.98 
m-7.11
35,6=8.06
35,6=8.05
7.30 (d) 35,6=7.70
5H6 f-7.36 (t) 
m-7.42 (d)
36,7/6,5=7.94/7.94
36,7=8.25
f-7.36
m-7.42
36,7=7.82
36,7=7.81
7.39 (t) 36,7=7.72
5H7 f-7.08-7.13 
m-7.28 (s) 
m-7.35 (d) 
m-7.41 (d)
7.77
7.20
f-7.04
m-7.28-7.33 -
7.10(d) 37,6=7.82
ÔCH3 f-2.57
m-2.70
f-2.56
m-3.14
m-2.69
2.58
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
TableA-6 . ’H NMR data for 2 Meq3Ga in DMSO-de at 293K
Chemical Shift 
(ppm)
2MeqaGa in DMSO 
at 20°C
L.b
(Hz)
5H3 7.36 (d) 33,4=8.36
5H4 8.35 (d) 34,3=8.41
ÔH5 7.13(d) 35,6=8.16
5H6 7.40 (t) 37,6/6,5=7.89/7.96
6H7 6.82 (t) 37,6=7.74
5 CH3 2.43 (s) -
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
Table A-1. 'H NMR data for 2 M eq3ln in CDCI3 and DMSO-de at 293K
Chemical 
Shift (ppm)
2 Meq3 ln in CDCI3 at 
20°C
Ja.b
(Hz)
2 Meq3ln in DMSO 
at 20“C
J..b
(Hz)
5H3 7.17(d) 33,4=8.38 7.46 (d) 33,4=8.55
SH4 8 .1 2 (d) 34,3=8.38 8.44 (d) 34,3=8.26
6H5 7.09 (d) 35,6=7.38 7.11(d) 35,6=8.01
5H6 7.41 (t) 37,6/6,5=7.96 7.41 (t) 37,6/6,5=8.00/8.01
5H7 6.99 (d) 37,6=8.00 6.85 (d) 37,6=7.79
5 CH3 2.67 (s) - 2.53 (s) -
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
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Table A-8 . 'H NMR data for 4MeqsAl in CDCI3 at different temperatures
Chemical 
Shift (ppm)
4 Meq3Al in 
CDCI3 at 20”C
Ja,b
(Hz)
4Meq3Al 
Schmidbaur at 
-15°C
Ja,b
(Hz)
4Meq3Al 
Schmidbaur at 
50°C
3..b
(Hz)
8H2 8.70 (d) 32,3=4.80 8.69 32,3=4.88 8.69 4.89
8 . 6 6  (d) 
7.03 (s)
32,3=4.80 8.64
7.05
32,3=4.88
32,3=4.27
8.64 4.58
5H3 7.21 (d) 
6.93 (d)
33,2=4.40
33,2=4.80
7.22
7.14
6.95
7.19
6.93
8H5 7.07 (d,d) 35,6=4.03
35,6=3.35
7.11-7.06 - 7.08 8.55
8 H6 7.47 (d,d) 36,7=6.97
36,5=8.88
7.47
7.46
7.45
36,7=8.55
36,7=8.55
36,7=8.25
7.45 9.46
6H7 7.07 (d,d) 37,6=4.03
37,6=3.35
7.11-7.06 - 7.05 -
ÔCH3 2.65 (s) 
2.57 (s)
2.65
2.59
2.57
2.64
2.58
2.57
(d-doublet; t-triplet; d,d; doublet 
Note: resonances for H-5 and H-
of doublets; br-broad) 
7 are superimposed
Table A-9. 'H NMR data for 4 Meq3Ga in CDCI3 at different temperatures
Chemical
Shift
(ppm)
4 Meq3Ga in 
CDCI3 
at 20=C
3a.b
(Hz)
4Meq3Ga 
Schmidbaur at 
-15=C
3a.b
(Hz)
4Meq3Ga 
Schmidbaur at 
50°C
3a,b 
(Hz)
SH2 8.74 (d) 
8.71 (d)
32,3=3.87
32,3=4.28
8.72
8.67
7.28
32,3=4.40
32,3=4.89
32,3=4.88
8.70 (br)
ÔH3 7.28 (d) 
7.23 (d) 
6.98 (d)
33,2=3.73
33,2=3.45
33,2=3.52
7.23
7.16
6.99
7.46 (br)
5H5 7.16(d) 
overlapped with 
H7
35,6=4.36 7.50
7.47
7.44
35,6=8.30
35,6=8.30
35,6=7.81
7.05-7.26
5H6 7.47 (t) 36,7=7.33
36,5=7.31
7.06 (br) - 7.05-7.26 -
5H7 7.16(d) 
overlapped with 
H5 
7.09 (d)
37,5=4.36
37,6=8.44
7.14 (br) 7.05-7.26
6 CH3 2 . 6 6  (s) 
2.59 (s)
2.67
2.59
2.58
2.61
(d-doublet; t-triplet; d,d; doublet 
Note: resonances for H-5 and H
of doublets; br-broad) 
7 are superimposed
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Table A-10. ’H NMR data for 4MeqsAl in DMSO-de at 293K
Chemical Shift (ppm) 4 Meq3Al in DMSO at 20°C Ja.h (Hz)
5H2 8.59 (d) 32,3=4.84
8.46 (d) 32,3=4.82
7.52 (d) 32,3=2.03
6H3 7.49 (d) 33,4=5.59
7.39 (d) 33,4=4.82
5H5 7.21 (d) 35,6=6.51
7.17(d) 35,6=6.81
5H6 7.21 (d) 36,7=6.51
7.17 (d) 36,5=6.81
6 . 8 8  (d,d) 36,7=7.67
36,5=3.94
ÔH7 6.74 (d) 37,6=7.65
SCH3 2 . 6 8  (s) 
2.65 (s) 
2.64 (s) 
2.61 (s)
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
Table A-1 1. 'H NMR data for 4 Meq3Ga in DMSO-de at 293K
Chemical Shift (ppm) 4Meq,Ga in DMSO at 20=C 3a.b (Hz)
5H2 8.63 (d) 32,3=4.26
8.50 (d) 32,3=4.58
5H3 7.44 (d) 33,2=4.44
8H5 6.79 (d) 35,6=7.39
ÔH6 7.19 (t) 36,7=7.73
36,5=7.14
7.51 (t) 36,7=8.07
36,5=7.54
5H7 6.79 (d) 37,6=7.39
ÔCH3 2.69
2.67
2.64
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad) 
Note: resonances for H-5 and H-7 are superimposed
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Table A -12. *H NMR data for 4 Meq3ln in CDCI3 and DMSO-de
Chemical shift 
(ppm)
4 Meq3ln in CDCI3 at 
20=C
Ub
(Hz)
4 Meq3ln in DMSO at 
20“C
J..b
(Hz)
5H2 8.40 (d) 32,3=4.68 8.33 (d) 32,3=4.12
6H3 7.21 (d) 33,2=4.71 7.52-7.48 -
ÔH5 7.14(d) 35,6=7.85 7.17 35,6=8.19
5H6 7.48 (t) 36,7=8.09
36,5=8.12
7.52-7.48 -
5H7 7.09 (d) 37,6=8.34 6.94 (d) 37,6=7.80
6 CH3 2.65 - 2 . 6 6  (s) -
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad) 
Note: resonances for H-3 and H- 6  are superimposed
Table A-13. 'H  NMR data for 5 Meq3Al in CDCI3 at different temperatures
Chemical
Shift
(ppm)
5 Meq3Al in 
CDCI3 at 
20"C
J..b
(Hz)
5Meq3Al 
Schmidbaur at 
-15“C
J..b (Hz) SMeqsAl 
Schmidbaur at 
50°C
J.,b (Hz)
5H2 8.89 (d) 
8.83 (d) 
7.22 (d)
32,3=4.12
32,3=4.22
32,3=4.22
8.87 (br) 
8.80 (br) 
7.25 (br)
8 . 8 6  (br) 
8.80 (br)
8H3 7.44 (d,d) 
7.36 (t)
33,4=8.00
33,2=4.80
33,4=7.20
33,2=5.60
7.45 (br) 
7.36 (br) 
7.15 (br)
7.40 (br) 
7.15 (br)
6H4 8.39 (d) 
8.30 (t)
34,3=7.20
34,3=11.40
34,3=8.80
8.38
8.31
8.29
-
8.33
8.26
8.25
-
ÔH6 7.30 (d) 
7.17-7.20 
6.98 (d)
36,7=7.47
(br)
36,7=8.00
6.97-7.27 7.26 6 . 1 1
5H7 7.17-7.20 
6.98 (d)
(br)
37,6=8.00
6.97-7.27 - 6.96 -
ÔCH3 2.54 (s) 
2.52 (s) 
2.50 (s)
2.49 (s) 
2.48 (s) 
2.47 (s)
2.47
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
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Table A -14. ’H NMR data for 5MeqaGa in CDCI3 at different temperatures
Chemical
Shift
(ppm)
5 Meq3Ga in 
CDCI3 at 
20”C
Ja.b
(Hz)
5Meq3Ga 
Schmidbaur 
at -15“C
Ja.b
(Hz)
5MeqsGa 
Schmidbaur 
at 50'C
3a.b
(Hz)
6H2 8.80-9.00
(br)
8.30-8.50
(br)
8.90 
8.84 
7.39 (br)
32,3/2,4=4.27/1.22
32,3/2,4=4.27/1.22
32,3/2,4=4.88
8.85 (br)
5H3 7.15-7.50 
(br) 
7.31 (d) 33,4=7.78
7.46
7.38
7.22
33,4=8.34
33,4=8.79
33,4=7.81
7.40 33,4=8.55
5H4 8.30-8.50
(br)
8.39
8.33
8.30
8.33
5H6 7.31 (d) 36,7=7.78 7.29 
7.28 
7.26 (br)
36,7=7.93
36,7=7.93
7.29 36,7=7.93
5H7 7.04 (d) 37,6=7.35 7.04
7.01
7.00
7.01
6 CH3 2.51 2.49
2.48
2.47
2.49
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
Table A-15. ’H NMR data for 5 Meq3ln in CDCI3 and DMSO-de at 293K
Chemical shift 
(ppm)
5 Meq3ln in CDCI3 at 
20°C
3a.b (Hz) 5 Meq3 ln in DMSO at 
20°C
Ja.b
(Hz)
5H2 8.55 (d,d) 32,3=4.51
32,4=1.12
8.47 (d) 32,3=4.18
ÔH3 7.41 (d,d) 33,4=8.49
33,2=4.59
7.69 (d,d) 33.4=8.34
33,2=4.53
5H4 8.39 (d,d) 34,3=8.48
34,2=1.41
8.65 (d) 34,3=8.87
5H6 7.31 (d) 36,7=8.00 7.34(d) 36,7=7.97
6H7 7.07 (d) 37,6=7.94 6.85 (d) 37,6=7.97
6 CH3 2.50 - 2 . 6 6  (s) -
(d-doublet; t-triplet; d,d; doublet of doublets; br-broad)
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Table B-1 . '^C NMR data for Mqa’s in DMSO-de at 293K
ÔC (ppm) q Alqa Gaqa Inqa
ÔC2 148.1
145.1
144.1 
142.8
144.7
143.7 
143.2 
143.1 
142.6 
142.5
145.5
ÔC3 121.7
122.5
1 2 2 . 2
1 2 2 . 0
122.4
1 2 2 . 1 1 2 2 . 1
ÔC4 136.0
140.1
139.9
139.5
140.4
140.4 
140.2
137.3
ÔC5 117.7
111.3 
1 1 1 . 0  
110.9 
(overlapped with C7)
1 1 1 . 6  
111.4 
1 1 1 . 2  
1 1 1 . 1  
1 1 1 . 0  
(overlapped with C7)
111.7
ÔC6 127.4
130.8
130.6
130.5
130.6
130.6
ÔC7
1 1 1 . 2
111.7
111.5
111.3
(overlapped with C5)
1 1 1 . 6  
111.4 
1 1 1 . 2  
1 1 1 . 1  
1 1 1 . 0  
(overlapped with C5)
113.5
ÔC8 153.2
159.0 
158.6
158.0
158.7 
158.3
157.7
157.7
158.8
ÔC9 138.4
139.1
138.6
138.5
137.1
136.8
136.7
136.6
140.9
ÔC10 128.7
129.0 
128.9 
(overlapped with C6 )
129.2
129.6
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Table B-2. ’^ C NMR data for 2 Meq3M ’s in CDCI3 at 293K
5C (ppm) 2Meq 2 Meq3Ga 2 Meq3ln
ÔC2 147.9
157.6 
155.9 
(overlapped with 
C8 )
156.3
ÔC3 121.7
123.8
123.4
122.7
123.1
ÔC4 136.1
139.5 
138.7 
138.3 
(overlapped with 
C9)
140.4
SC5
117.9
1 1 2 . 8
1 1 2 . 6
1 1 2 . 0
109.8
115.5
ÔC6 127.6
129.1 
128.8 
127.7 
(overlapped with 
CIO)
129.2
ÔC7 110.3
117.5 
113.8
113.6
1 1 2 . 1
6 C 8 152.3
156.9 
156.5 
156.4 
151.7 
(overlapped with 
C2)
158.5
6C9 138.2
138.3
137.7
136.1
138.3
ÔC10
128.5
128.3 
127.1 
126.6 
(overlapped with 
C6 )
128.3
ÔCH3
24.9
23.4
23.2
23.1
23.7
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Table B-3. NMR data for IMeqsM’s in DMSO-de at 293K
ÔC (ppm) 2Meq 2 Meq3Ga 2 Meq3ln
ÔC2 152.5
157.1 
156.3 
155.6 
155.5 
(overlapped with 
C 8 )
156.2
ÔC3 1 2 2 . 6 124.2 123.6
ÔC4 136.1
139.6 
139.3 
137.2 
(overlapped with 
C9)
137.2
ÔC5 1 1 1 . 0
1 1 2 . 2  
1 1 1 . 8  
(overlapped with 
C7)
111.9
ÔC6 126.3
128.6 
127.7 
(overlapped with 
CIO)
128.9
ÔC7 117.5
113.3 
112.5 
(overlapped with 
C7)
114.1
ÔC8 156.6
157.1 
156.3 
155.6 
155.5 
(overlapped with 
C2)
158.0
ÔC9 137.8
139.6 
139.3 
137.2 
(overlapped with 
C4)
140.5
ÔC10 126.9
127.3 
126.5 
(overlapped with 
C 6 )
127.8
ÔCH3 24.7
24.6
2 2 . 6  
2 2 . 1
22.7
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Table B-4. NMR data for 4 Meq3M’s in CDCI3 at 293K
ÔC (ppm) 4Meq 4Meq3Al 4Meq3Ga 4Meq3ln
144.2 143.7
147.4 143.9 143.4 144.4
ÔC2 141.8 
(overlapped with C9)
141.3 
(overlapped 
with C9)
1 2 2 . 2 1 2 2 . 2
ÔC3 1 2 2 . 6 121.7 1 2 2 . 0
1 2 1 . 6
121.9
149.5 149.7
ÔC4 144.9 149.1
148.9
149.3 149.9
108.4 108.2
ÔC5 114.1 108.1
108.1
107.9
107.8
108.0
130.8 130.7
ÔC6 127.3 130.4
130.2
130.4
130.2
130.2
1 1 2 . 1 113.5
ÔC7 109.6 112.5
113.3
1 1 2 . 8
112.4
1 1 2 . 1
159.7 159.5
ÔC8 152.6 159.6
159.3
159.3
159.1
160.0
141.8 137.8
ÔC9 138.1
139.8 137.2 138.1
139.1
(overlapped with C2)
(overlapped 
with C2)
129.4 129.5
ÔC10 128.5 129.3
129.1
129.4 129.9
19.0 29.7
ÔCH3 18.8 18.9 19.1 19.4
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Table B-5. NMR data for 4 Meq3M ’s in DMSO-de at 293K
6 C (ppm) 4Meq 4Meq3Al 4Meq3Ga 4Meq3ln
ÔC2 147.5
149.9
149.6
149.2
143.9
143.8
142.9 
141.8
150.4
1 2 2 . 8 122.7
ÔC3 122.3 122.4 122.4 122.4
1 2 2 . 2 1 2 2 . 2
142.1 150.1
ÔC4 144.3 143.3 149.9 144.6
144.3 149.7
108.4 108.1
ÔC5 113.9 108.1 107.9 108.0
107.6 107.5
130.4 130.3
5C6 127.1 130.2 130.1 129.9
130.2
111.7 111.9
ÔC7 1 1 0 . 8 111.3 1 1 1 . 6 . 113.3
1 1 1 . 2 111.4
159.6 159.2
ÔC8 153.5 159.2 158.8 159.4
158.7 158.3
138.2 136.8
6C9 138.1 138.3 136.3 137.0
138.8
128.8 128.9
ÔC10 128.5 128.7 128.8 129.3
128.6
18.3 18.4 19.0
ÔCH3 18.4 18.6 18.8
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Table B-6 . '^C NMR data for SMeqsM’s in CDCI3 at 293K
ÔC (ppm) 5Meq SMeqsAl 5Meq3Ga 5Meq3ln
ÔC2 147.3
144.5
144.1
141.7
143.9
143.6
(overlapped with C9)
144.5
ÔC3 121.3
1 2 1 . 2
1 2 1 . 1
120.5
1 2 1 . 0
1 2 0 . 8
120.4
( 1 2 0 .6 )
1 2 0 . 6
ÔC4 133.0
136.6
136.3
136.2
136.8
136.6 137.1
ÔC5 124.3
118.4
118.1
118.0
118.3
117.9 118.0
ÔC6
127.6
131.3
130.9
130.7
131.2
131.0
130.7 130.9
ÔC7
109.3
113.0
1 1 2 . 2
1 1 1 . 8
113.2 
112.9 
112.5
112.3 
1 1 2 . 0
114.1
ÔC8 150.5
157.3
157.0
157.2
157.1
157.0
156.7
157.6
ÔC9
138.6 139.9
141.3 
138.5 
137.9 
(overlapped with C2)
138.8
ÔC10 127.6
128.8
128.6
128.4
128.8
129.1
ÔCH3 17.8 17.3
17.3
17.6
17.4
17.5
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Table B-7. "C  NMR data for SMeqjM’s in DMSO-de at 293K
5C (ppm) 5Meq 5lVIeq3Al 5Meq3Ga 5Meq3ln
ÔC2 147.6
142.8
144.1
145.1
144.4
144.4 
144.3
144.9
ÔC3
121.4
1 2 2 . 0
121.7
121.5
1 2 2 . 0
121.9
1 2 1 . 8
1 2 1 . 6
1 2 1 . 6
ÔC4 132.9
139.5
139.0
138.9
142.1
142.0
141.9
137.7
ÔC5 123.6
118.1
117.9
117.8
117.8
117.7
117.6
117.2
117.1
117.6
ÔC6 127.4
130.6
130.5
130.4
137.5
137.4
137.3
137.2
137.1
130.3
ÔC7 110.4
1 1 0 . 8  
110.7 
(overlapped 
with C5)
111.5
111.4
1 1 1 . 0
112.9
6 C8 151.4
157.3 
156.9
156.3
157.0 
156.6
156.0
157.0
ÔC9 138.7
137.4
137.2
137.1
143.3
143.3 
143.1
137.9
ÔC10
127.5
128.0
128.0
127.9
130.8
130.4 128.6
ÔCH3 17.4 16.9
16.8
16.9
17.2
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Figure C-1. 'H NMR spectra of the aromatic regions o f Alqa and Gaqs in DMSO-de at
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Figure C-3. ’H NMR spectra of the aromatic regions for 2 Meq3ln in CDCI3 and DMSO-
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4Meq3AI
67
IS'S
= c s  « s c a n
|B | 111 |S|a
4Meq3ln
W % R
j
V
I y.9 •>.©
Figure C-4. 'H NMR spectra o f the aromatic regions for 4Meq3M in C D C I3 at 293K
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Figure C-5. ’H NMR spectra of the aromatic regions for 4Meq3M in DMSO-de at 293K
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Figure C-6. 'H  NMR spectra of the aromatic regions for SMeqsM in C D C I3 at 293K
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Figure D-1. C { H} NMR spectra of the aromatic regions of Mqa’s in DMSO-de at
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Table E-1. Atomic coordinates and equivalent isotropic displacement parameters for Inqs. 
U(eq) is defined as one third o f the trace o f the orthogonal Uij tensor
X y z U(eq)
In 3.215468(19) 0.306236(16) 0.246288(13) 0.04217(9)
01 3.0543(2) 0.19117(19) 0.10959(16) 0.0478(4)
02 3.2358(3) 0.1592(2) 0.3253(2) 0.0553(5)
03 3.3513(2) 0.4724(2) 0.36231(17) 0.0532(5)
N1 0.0293(3) 0.4349(2) 0.32908(17) 0.0404(4)
N2 0.2266(3) 0.4185(2) 0.12524(19) 0.0440(4)
N3 0.4285(3) 0.1909(3) 0.18538(19) 0.0457(4)
Cl 0.0009(3) 0.6606(3) 0.4501(2) 0.0462(5)
C2 0.0306(3) 0.8467(3) 0.0776(2) 0.0538(6)
C3 0.0295(4) 0.8022(4) 0.1675(3) 0.0615(8)
C4 0.0541(4) 0.3123(4) 0.8371(3) 0.0603(8)
C5 0.0532(3) 0.2273(2) 0.0226(2) 0.0422(4)
C6 0.0727(4) 0.7871(3) 0.5194(3) 0.0591(7)
C7 0.0949(3) 0.5565(2) 0.39644(17) 0.0395(4)
C8 0.1274(3) 0.5901(3) 0.6862(2) 0.0464(5)
C9 0.1412(3) 0.3920(3) 0.9362(2) 0.0494(5)
CIO 0.1421(3) 0.3485(2) 0.0280(2) 0.0407(4)
C ll 0.1677(4) 0.3669(3) 0.5682(2) 0.0527(6)
C12 0.2303(3) 0.4912(4) 0.6351(2) 0.0511(6)
C13 0.2657(3) 0.5739(3) 0.41215(19) 0.0445(5)
C14 0.3091(4) 0.5328(3) 0.1363(3) 0.0555(6)
C15 0.3162(4) 0.5820(3) 0.0491(3) 0.0617(7)
C16 0.3498(3) 0.0745(3) 0.3003(2) 0.0474(5)
C17 0.4013(5) 0.1101(4) 0.7588(4) 0.0812(13)
C18 0.4259(4) 0.0041(3) 0.8032(3) 0.0583(7)
C19 0.4521(3) 0.0869(3) 0.2263(2) 0.0467(5)
C20 0.5001(6) 0.1211(4) 0.6866(4) 0.0754(13)
C21 0.5226(4) 0.2108(4) 0.1195(3) 0.0577(7)
C22 0.6245(4) 0.0282(3) 0.6537(3) 0.0619(8)
C23 0.6467(4) 0.1283(4) 0.0872(3) 0.0663(9)
C24 0.6670(4) 0.3030(3) 0.5168(2) 0.0557(6)
C25 0.6729(4) 0.0236(5) 0.1255(3) 0.0766(12)
C26 0.7601(5) 0.1990(3) 0.4669(3) 0.0654(8)
C27 0.7678(4) 0.4858(4) 0.0474(3) 0.0600(7)
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Table E-2. Anisotropic displacement parameters for Inqs
U ll U22 U33 U23 U13 U12
In
01
02
03
N1
N2
N3
Cl
C2
C3
C4
C5
C6
C7
C8
C9
CIO
C ll
C12
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24
C25
C26
C27
0.04149(12)0.04557(12)0.04146(12)0.01553(7) 0.00929(7) 0.00531(8) 
0.0514(10) 0.0450(8) 0.0478(9) 0.0164(7) 0.0071(8) -0.0060(8)
10.0545(11) 0.0642(12) 0.0623(12) 0.0364(10) 0.0205(10) 0.0146(10)
0.0362(8) 0.0660(12) 0.0493(10) 0.0084(9) 0.0042(7) -0.0006(8)
0.0478(10) 0.0360(8) 0.0124(7)
0.0408(9) 0.0435(10) 0.0137(7)
0.0507(11) 0.0460(10) 0.0127(8)
0.0364(8)
10.0481(10)
0.0401(9)
0.0514(12) 
0.0415(11) 
0.0488(14) 0.083(2) 
0.0513(14) 0.087(2)
0.0513(12) 0.0370(10) 0.0147(9) 
0.0608(15) 0.0509(14)
0.0454(14)
0.0455(14)
0.0042(7)
0.0086(8)
0.0124(8)
0.0092(9)
0.0072(11) 0.0062(10) -0.0010(11) 
0.0128(14) 0.0015(11) 0.0063(15) 
0.0264(15) 0.0050(11) 0.0104(16)
-0.0004(8)
-0.0009(8)
0.0024(9)
0.0037(11)
0.0379(9) 0.0422(10) 0.0461(11) 0.0123(8) 0.0099(8) 0.0067(9)
0.073(2) 0.0507(13) 0.0495(14) 0.0103(11) 0.0115(13) 0.0006(14)
0.0407(10) 0.0458(10) 0.0333(9) 0.0145(8) 0.0055(7) -0.0006(9)
0.0375(10) 0.0597(14) 0.0405(11) 0.0160(10) 0.0016(8) -0.0033(10)
0.0458(11) 0.0608(14) 0.0490(13) 0.0263(11) 0.0113(10) 0.0132(11)
0.0392(10) 0.0414(10) 0.0433(10) 0.0143(8) 0.0106(8) 0.0084(9)
0.0665(16) 0.0449(12) 0.0215(11) 0.0134(11) 0.0094(13)
0.0716(17) 0.0454(12) 0.0208(12) 0.0079(9) 0.0047(12)
0.0370(10) 0.0144(9) 0.0039(8) -0.0051(10)
0.0510(13)
|0.0381(10)
0.0420(10)
0.0648(17)
0.0669(18)
0.0535(12)
0.0454(12)
0.0539(14)
0.0584(16)
0.074(2)
0.0533(14)
0.104(3)
0.0469(13) 0.0529(14) 0.0591(16)
0.0400(10) 0.0439(11) 0.0482(12) 0.0069(9) -0.0011(9)
0.074(2) 0.0466(14) 0.098(3) 0.0252(17) -0.021(2)
10.0411(11) 0.0455(11) 
0.068(2) 0.0482(15)
0.0455(13) 0.0745(19) 
|0.0612(17) 0.0530(14)
0.0448(14)
0.0519(14)
0.0435(14)
0.081(2)
l0.0666(18)
0.078(2)
0.0609(15)
0.085(3)
0.0563(15)
0.0510(14)
0.072(2)
0.067(2)
0.0483(13)
0.075(2)
0.0185(11) 0.0119(13) -0.0045(12) 
0.0315(14) 0.0176(16) -0.0006(14) 
0.0148(10) 0.0022(10) 0.0040(10) 
0.0038(18) -0.015(2) 0.0150(17)
-0.0008( 12) -0.0001(12)0.0109(13)
0.0026(9) 
0.0012(16) 
0.0146(13) 0.0150(11) -0.0059(13) 
0.0290( 14) -0.0101(15) -0.0023(13) 
0.0060(16) 0.0186(13) 0.0033(15) 
0.0114(11) 0.0035(11) -0.0134(13) 
-0.0125(19)0.0139(14) 0.0079(17)
0.0511(15) 0.0070(12) 0.0092(15) -0.0193(16)
0.0641(17) 0.0651(18) 0.0377(15) 0.0212(15) 0.0120(15)
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Figure E-1. Rietveld refinement plot for powder Inqs, which shows the new phase
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